A general methodology for the assessment of the inherent manoeuvring characteristics of ships, is presented. The methodology, which takes into account the non-linear nature of manoeuvring motion, is built on a specific set of manoeuvring requirements, translated into suitable criteria and measures of performance. These are later integrated in a hierarchical procedure which allows for combining effectively conflicting characteristics and producing a picture o l overall manoeuvring capability. The problem is established as a typical decision problem in the presence of multiple objectives and conflict, with the first part of the paper devoted to the theoretical foundation of the general assessment model. Application is undertaken for the case of ferries, with consideration of a wide range of design parameters. As a result of this, areas of good or poor manoeuvring performance are identified. A clear distinction is made between the need to turn in limited space and the need to respond quickly to rudder commands. The methodology can be used in early ship design as well as in developing/optirnising vessel type-specific manoeuvrability standards.
Introduction
Ship manoeuvrability is receiving relatively limited consideration during the ship design process, disproportionate to its conspicuous effect on the safety and operational efficiency of a vessel. Although this may start changing, following the recent adoption of tnanoeuvrability standards by IMO, gaps of understanding a t the cenceptual level and particularly a s regards a satisfactory definition of "what constitutes a good manoeuvring vessel", Landsburg et all1), should be noted as the underlying cause of this unacceptable state of affairs, see Appendix I .
Reference should be made to a number of serious efforts towards the development of reliable qucmtification and assesswzent procedures, from the earlier attempts of nor not^'^), with his K, T indices, NorrbinI3), with his turning-index p, or the pioneering work of Gertler and Gover in DTMB relating to naval vessels7), to more recent contributions, such a s the statistical study of Barr et all), or other submissions to IMO by its member states, like this of Germanya), or Chinag). These efforts, coupled with the increased concern of the public-at-large for safety, provided the impetus towards the recent adoption of IMO Resolution A. 751 (18), containing a set of interim tnanoeuvrability standards.
In spite of the above, the heart of the problem, the quantitative specification of the benefits or the risks associated with manoeuvring capability, continues to be regarded a s a very intricate subject. So far, ship owners have not been provided with clear cost incentives for improving the manoeuvring performance of their vessels. Furthermore, the beyond dispute ability of human beings to adapt to the individual properties of the systems with which they need to interact, has often been assumed to imply that skilful shiphandling can act a s a compensatory factor to poor "inborn" manoeuvring characteristics. Using this argument in reverse, possible casualties can be easier attributed to human misjudgement than to poor performance of the vessels.
From different parties the necessity has been expressd for approaching the problem afresh in a systematic and rational manner, with the view of establishing a wide basis, which would be used for carrying out "in depth studies of the inherent manoeuvrability of different ship types", Clarke4). An attempt to put substance to this idea is presented here for the case of ferries. The basic principles of this approach, are summarised below : a. Performance is assessed on the basis of the two fundamental considerations : the need to turn in limited space (space requirement), and, the need to respond quickly to rudder commands (time reqtrirement). These are not compatible to each other considerations and they cannot be equally achieved for all ships. For this reason a specific set of operational requirements should be the platform on which the assessment would be developed. b. A detailed study of ship manoeuvring behaviour is undertaken, through numerical predictions of manoeuvring motion in response to certain control actions. This is used for specifying which characteristics can represent manoeuvrability and which factors are critical for achieving satisfactory performance. Those performance-related qualities which are found a s adequately defining manoeuvring ability will be called hereafter "manoeuvring criteria". Following this, attention is focused on developing reliable "measures of pe~ormance", i. e. on specifying quantities and related procedures which can be used for an effective assessment of performance with respect ro each earlier specified criterion and eventually produce quantitative information regarding any particular vessel. c. While in ( b ) the focus was on generating the elements of the assessment in bulk, in ( c ) the main objective is to specify their exact role. In essence, the aim is nothing less than the development of a generalised model of behaviour, in the shape of an efficient assessment structure (hierarchy), whereby aspects of manoeuvring behaviour related to laws of nature, market terms and human perception are orderly assimilated. T o this end, use is made of techniques borrowed from decision analysis, with the aid of which manoeuvrability assessment is established as a typical decision problem in the presence of multiple conflicting objectives. The paper consists of two parts; the first part is devoted to the theoretical foundation of the assessment model which is eventually used for carrying out the assessment. The second part, presents a practical application of the proposed method, for the particular case of ferries. The application begins with the specification of requirements for this type of vessel, and through the derivation of suitable criteria and measures of performance it culminates with the proposal of areas of good or poor performance in respect to paricular manoeuvring qualities, as well as overall.
Foundation of the assessment model
2 . 1 A general model for performance assessment A typical way of optimising the performance of a system is by seeking to maximise (or minimise) an objective function, whereby all the important for the assessment factors appear as function variables. In a number of cases this function can involve weighted sums of the distances of the critical quantities from their counterparts lying on a certain desirable state. In other cases the maximisation of the function is the only alternative because the specification of a "desirable" state is not clear beforehand. A general assessment model for ship manoeuvrability would rather suit the latter description, and its exact form could evolve as a result of seeking to maximise an objective function F, defined a s : Expression ( 1 ) means in effect that every manoeuvring procedure, described by the initial condition of the state variables, the control action taken, the time elapsed, and the relation of the system to its environment, can be associated with a relative importance factor, deriving basically from the "purpose of existence" of the object in view. The elegance of expression ( l ) , nevertheless, is not enough to hide the complexity which it implies. How, for example, the perfomane monitoring function R ( h , a , t ) can be specified and what basis could be used for the derivation of the weighting function ?
A feasible route for modelling an essentially unknown system, is to emphasise the role of human perception. How people who own, design and operate ships perceive the implications of the underlying complex laws? The scope of utilising information of experts to systematise desirable or undesirable manoeuvring characteristics has been well appreciated in the past, as shown with SNAME's Panel H-10 study, Landsburg et all1) or with a more recent Japanese subn~ission to ITTC by Yoshimura and KoseZ3). Nevertheless, even in the context of the above assumption, it is apparent that to achieve an interface with any form of practical reasoning, a significant simplification of the above presented general model would be required. The first step to this end is, the "discretisation" of ( 1 ) or, in other words, its reduction to a form composed by a finite (preferably small) set of manoeuvring scenarios, making sense in the light of human experience whilst preserving the character of a "satisfactory" approximation. The second step would be to investigate the content of the function R ( h , a , t ) . Perceptively, it is easier to imagine such a function analysed into a bunch of measurable elements each one of which would be in direct relation with an individual manoeuvring quality. If the above actions were taken, a consequence would be that the weighting function w ( h , a , t ) would have also to be converted into a set of simple weighting factors. The described simplification enables one to expose the selected manoeuvring scenarios to expert judgement, assess their relative importance on the basis of the expressed preferences and hence derive the appropriate weighting factors. By this means the missing link is therefore established.
A point remaining unclarified relates to the decomposition of the performance monitoring function R ( h , a , t ) into a number of perceptively distinct elements, denoted a s R i ( h , a, t ) . How is this going to be achieved ? At first, the meaningfulness of the comparisons procedure must be ensured. Given then that an objective evaluation would probably require several functions R;(h, a , t ) linked to various objectives, the undesirable situation could arise where one would be asked to compare the relative importance of basically unrelated quantities. This can be avoided only if appropriate management action towards the R;s takes place, materialised with the adoption of a stmctu~e and a hierarchy for the evaluation.
Thus, to allow the evaluation structure to function, a certain model for it must be specified. Perhaps the most practical solution is to adopt an additive model in which the paricipating quantities appear a s first order terms. An udditive multi-attribute evaluation model can work successfully insofar a s a certain degree of preferential independence between the elements of the evaluation exists, Keeney and Raifla"". If for example preferences for turning ability, directional stability and stopping were compared, the result of trade-off analysis of turning against directional stability should not depend on the level of the stopping quality met in the system under investigation and round forth. The extent to which such a condition is satisfied for all the possible combinations of the above as well a s a t the other positions of the structure should rather be the subject of a separate study.
The sgstems' methodologg and the hierarchical structure
The formulatiori which was finally reached reflects in effect what is called, a systems approach. It represents a particularly viable option when, because of gaps of understanding, the classical reductionist method is unable to produce satisfactory results, as is the case with the present problem where natural laws, economic prinhiples and human factors are forming a complex which is difficult to "penetrate" with conventional analysis. The underlying strength of the systems methodology on the other hand, lies in its hierarchical nature coupled with its potential of integrating effectively information with a qualitatively different character.
Historical note
The use of formal evaluation models has known increasing popularity in the practice of decision-making and management science. The models range from multi-attribute extensions of expected utility theory, e. g. Keeney and Rai'al0) 1. Identify the criteria on which the evaluation will be based. Express them in a form assisting decision-making. 2 . Select a group of representatives consisted of individuals with a reason to care about the evaluation and with enough impact on the system, to be involved in the assessment. 3 . Investigate the position and possible lower level decomposition of the entities specified in step 1, and define how they will be measured (measures or attributes). Subsequently, organise these on alternative hierarchical structures. Build the structures by starting with the most general objectives, followed by subobjectives etc. Try to achieve a consensus on a final form. 4 . Elicit the relative importance of each element linked with the fulfilment of the governing objective in the adjacent upper level. Repeat this for any position of the hierarchy. Transform the expressed preferences to weighting factors. 5. Use the structure to obtain and compare the overall value of the alternatives of the assessment. Further, perform sensitivity analyses and derive conclusions regarding the "stability" of the solution. b ) Criteria and Measures The term criteria is used in an analogous way to the use of the term objectives met in multiple-objectives decisions analysis literature, see e.g. Keeney and Rai#alo'. For the term objectives however there is no formal universally applied definition. Here, criteria will be meant to signify a set of general characteristics corresponding to essential qualities of the system's behaviour, equally meaningful to a scientist and a ship operator, which can be taken a s a basis of performance assessment
The measures will constitute the means on the basis of which the satisfaction received from the performance of a ship regarding each one of the specified criteria will be quantified. They are attached therefore to the responsibility of generating all the essential information which will allow the criteria to function.
c ) The Model The evaluation model which was adopted is usually met in the literature a s muli-attribute value model and it can be expressed in abstract language as :
where :
V is the attained overall value (O< V < l ) , wj are weighting factors a s described in the foregoing, U , represent normalised forms of the performance records obtained by applying the xi assessment procedures Assuming that a large number of alternatives will be examined and the discretisation of the variables space will be dense enough, a linear normalisation model can be selected :
For when compared with j this would imply that j will receive the reciprocal value lla when compared with i.
The matrix A built in this way is checked for consis~ tency or, in other words, the compatibility of the preferences is examined. This is characterised by the consistency index, which equals :
c, ~,~~ n-l with A, , , being the maximum eigenvalue of A.
The calculation of the components of the eigenvector corresponding to the maximum eigenvalue provides the weighting factors, which can be used in the assessment process if the consistency condition, C. I.<O.l, is satisfied. More mathematical details about the technique can be found in 17). The procedure has to be repeated for all the positions of the hierarchy, while at the end an overall consistency check will be required.
2 . 5 Delineation o f the manoeuvrability assessment process As was shown earlier, the representation of the systern according to its purposes, its functions and its environmental constraints, takes on a hierarchical form. T o combine all the essential performance features of the system, an assessment tree will be built, a t the highest level of which will lie the overall manoeuvrability function, linked to the highest level Combine hierarchically the various aspects of manoeuvring performance, in order to obtain the value of the manoeuvrability index corresponding to any combination of the assessment variables. 10. Specify possible constraints which should be incorporated in the process and examine how they affect the results reached with the previous step. 11. Perform sensitivity studies in terms of the structure itself and the assigned weighting factors, to assess their impact on the assessment picture obtained.
Application : Manoeuvrability Assessment for Ferries

The components o f the assessment
The invesigation endeavoured to begin with the declaration of a set of vessel-specific manoeuvring requirements and to end up with the specification of ranges of ship parameters in which "good" or "poor" manoeuvr-Journal of The Society of Nava 11 Architects of Japan, Vol. 176 ing performance arises. An extra feature of this assessment has been the consideration of the effect of lateral thrust devices, which is a rather common feature for this type of ships.
. 2 Design parameters
An investigation regarding the range of main design parameters of ferries currently in operation, gave a considerable scatter of data, e. In most cases ships had two propellers and two rudders and usually bow thrusters were also installed (in a number of cases stern thrusters existed as well). hrorrby and Ridley"), claimed that most ferries carry "L-type thrusters of generous power", and this fact was confirmed from the sample of ships examined, with an average power to longitudinal underwater area ratio of 1.28 kW/m2. It was found also that the examined ships carried rudders of a t least 0.026 (LT) area.
For the specific study presented here, the main dimensions were varied inside the following range The longitudinal centre of gravity was fixed at 0.02L aft and the height of the centre of gravity was taken for simplicity a s equal to the ship's draught.
. Requirements
A number of particular characteristics can be linked to the ferries operation, including :
i ) The need to enter ports without losing control,
ii) The ability to turn quickly unaided and take a specific position in a limited space near the pier, lii) The need for efficiency in manoeuvring astern and moving sideways,
iv) The possession of reasonable dynamic stability and lack of significant roll-yaw coupling,
. 4 Derivation o f suitable criteria and measures
The above requirements can be translated into a number of specific assessment procedures. Before presenting these, a number of suitable criteria and measures are discussed :
a ) 1 -r i o n ( I T 1 Y C )
"The ship enters in a turn from steady forward motion of speed UO, by setting the rudder a t an angle 6,. As soon as the rate-of-turn reaches its maximum, r,,,, in time trmax, the rudder is deflected to -6 , until the rate-of-turn falls to zero, in time t=ts7', see Fig. 2 .
This manoeuvre-criterion, was introduced by Spyrou and V a s s a l~s~"~~~' ,
and it can be interpreted relatively to the requirements for minimum space and minimum time. The following measures could be associated with this criterion : Minimum time measures .The maximum rate-of-turn, r,.,, and the time needed
Moreover, a number of ship characteristics had to be standardised to facilitate the analysis, a s :
The ship displacement was fixed a t the approxito reach it, trmaA, The overshoot angle h, which is usually taken as a measure of the yaw checking capability, see Fig.  3 and it can be written a s :
It is easily noticed that &S includes all the earlier defined measures. Also, from Fig. 3 it can be realised that, the above exact expression for &S can be approximated, due to the shape of the yaw checking curve, by :
A critical matter which needs to be further addressed, is, the initial turning capability of the vessel. This indeed might lead to a selection between alternatives which can prove very uncertain. In Fig. 4 , for example, the rate-of-turn time-histories of two ships, A and B, are given, for a specific setting of their controls. Ship B appears to have higher maximum rate-of-turn, but at the crucial initial stage it performs worse than h . It is realised that if it was to select which curve represents better initial turning characteristics, the decision would be by no means easy. It is thus necessary the decision to be based on a combination of factors, taking into consideration as much a s possible of the history ol motion leading to the maximum. (G1"-" the (n-l)-th order integral of (G. when r=r,,, to the moment when r=O. Minimum space measures Constraints This should be an average of the time-varying
Since the IT/YC manoeuvre establishes an, operturning-radius during the initial phase of a turn: This ationally, extreme situation for the case of roll couturning-radius is given by, see Fig. 5 , pling, a realistic constraint on allowed inclination dur-R=U(t)/[r-(dpldt)] ing turn can be set, by monitoring the angle of heel with during the execution of the manoeuvre, see Fig. 7 .
p drifting angle b ) Steady-state behaviour U(t) momentary velocity Dynamic instability is measured with the width of the This led to the adoption of the following expression : instability loop, lw, see Fig. 8 .
STb=Sol($ -P )
The steady rate of turn, if divided by the correspondwhere ing steady velocity U, taking the ocurring speed drop $ is, a s for the m! measures earlier described, the due to the turn into consideration provides the steady angle up to which the initial phase of a turn is turning radius of the ship's origin, R, according to the considered to take place. simple kinematic relationship : SO is the length travelled by the origin of the ship's r I U = l I R axes during the turn.
This suggests a straightforward $ace quantity, in the
In the above expression it is possible to substitute SO form of the non-dimensionalised rate of turn r :
with S1 where S, is the length travelled by the remotest r~~= r 1 7 "~/ U point of the ship, see Course correcting capability related to the responseto-the-rudder quality and measured by means of the IT/YC manoeuvre with 6=5" rudder, Coasting turning accounting for an extreme of rudder effectiveness during deceleration. c ) Slow speed operation Accelerating turn performance, Turning with full thruster action and rudder set a t max angle, initiated a t a forward speed of 2 KN (assumed that it is possible to be retained by the engines).
( Fig. l l d ) The ability to manoeuvre astern and the effect of the environment were not taken into account is this application.
The final assessment structure selected for the investigation is presented in Figs. l l a to lld.
. 2 Analusis and investigation results
All calculations were based on the mathematical model earlier presented by Vussalos and S p y r o~~~' .
Fig. 12 presents one example from the several numerical procedures carried out within the specified range of design parameters.
For all ships examined, it was noticed that directional instability was not very significant (at max 2 X 3.132" loop width) and also the heeling angles obtained during turn were rather low. It must be stressed however, that the latter was largely due to the fact that the metacentric height GM was kept deliberately high. Tables 1 to 7 present the performance of each examined vessel against the various measures linked with each criterion. The normalised performances,in dicated by ( )', are presented next to the absolute ones. It can be noticed that additional measures to those required in the structure of Fig. 11 appear in the Tables. In particular : With regard to the IT/YC criterion, the moment measure nzf, discussed in the previous application, was applied up to 10"(miO) and up to 30"(m:0) and the performances obtained were compared to each other. It can be concluded that the difference in performance is not very serious. It is interesting to mention, however, that in one case the maximum of the rate of turn curve occurred a t a change of heading below 30" and in this case, therefore, no comparison was possible (Ship F26, Table 1 (Table 2) . It can be observed that the difference between the two assessments is almost negligible. The weighting factors appearing in the assessment structure were derived from the preferences matrices technique, with an example presented in Table 8 . The assessment results are summarised in Figs. 13. The curved plane inside the parallelepiped formed by the main ship parameters represents "average" performance and therefore it divides the space into two, a sub-space of "good" and a sub-space of "poor" performance. It is interesting to notice that the directional stability and initial turning planes are almost vertical to each other and that the intersection of the two planes provides a space of good performance with regard to both qualities, see Fig. 14 .
T o understand how sensitive the result is to perturbations of the weights vectors, a sensitivity analysis was performed regarding the weights of the IT/YC time measures. In detail, one ferry was selected (F9) and the weights were systematically varied in the following way : The weights WI, wz, w3, corresponding to r,,,, tmsx, ts-trmax were perturbed in the ranges W, k0.1, wz f 0.02, ~3 3~0 . 0 4 with the remaining weighting factor wr (corresponding to m;') recovered in each case from the relationship W,=] -WI-wz-w3. It was found that, for the cases examined, the IT/YC function varied in the range 0.605 to 0.66 while a t the higher location of the turning function the result was almost insensitive (The. overall maneuvrability index, FT, ranged from 0.711 to 0.720). In spite of this result, however, this matter should be studied more systematically in the future. Table 1 ITIYC performance of the ferries examined Table 2 Steady turning performance Table 3 Directional stability Table 4 Accelerating turn Table 5 Turning with rudder and thruster Table 8 Examples of the weightsderivation procedure perceived by the ship operator into a specific set of assessment criteria and measures is a task requiring a d e t a i l~d study of ship behaviour, taking into account the essentially non-linear nature of manoeuvring motion. In the presence of several satisfactory mathematical models for conventional ship forms, there is no justification for confining the assessment to the earlier established linear indices. Within the above frame of mind, a general approach for the specification and assessment of ship manoeuvrability has been put forward. The proposed approach contains three stages : the specification of manoeuvrability requirements pertaining to a particular h , =4.1184 vessel type, the identification of suitable assessment procedures through detailed theoretical studies of the steady and transient manoeuvring behaviour, and the ACCELERATING TURN sr:"' integration of the various performance related-entities in a properly organised assessment structure. 
